RESUME: Des échantillons polycristallins d'un alliage Fe-Mn-Si-Cr-Ni à mémoire de forme, contenant 70% de martensite £ thermique, ont été étudiés par M.E.H.R. Les images mettent en évidence, à l'échelle atomique, la structure feuilletée de la phase £. En analysant des images traitées numériquement de l'extrémité de plaquettes 6 élémentaires, l'interface £ / y a été décrite au moyen d'une distribution périodique de partielles de Shockley à 30° et 90° dans le rapport 2/1, ce qui traduit les propriétés d'auto-accommodation de la martensite £ thermique à l'échelle la plus fine.
INTRODUCTION
Using high resolution electron microscopy (HREM), we have observed polycrystalline samples of a shape memory alloy made by Ugine Savoie, with a composition of Fe -15.9 Mn -5 Si -9.1 Cr -4.2 Ni (in weight%). This alloy exhibits a martensitic transformation from face centred cubic y-austenite to close packed hexagonal £-martensite. This transformation has already been investigated in FeMnSiCrNi alloys using electron microscopy and in situ techniques [1, 2, 3] . We focused our study on thermal £-martensite (as opposed to the deformation martensite), formed by cooling under the M s temperature.
EXPERIMENTALS Federzoni et al [4]
recently proposed a thermomechanical treatment that produced an maximum quantity of thermal martensite in an alloy obtained by a usual casting method. This treatment is:
-step 1: cold rolling + 850°C annealing (30 mn, air) + slow cooling -step 2: 7% deformation + 800°C annealing (5 mn, air) + quenching in liquid N2 After step 1, the material contained 4% of thermal £ phase. After step 2, the thermally induced fraction of £-martensite increased to 70%. Electron microscopy samples were electrolytically thinned and observed using a Topcon ABT 002B ultra high resolution microscope operating at 200kV.
OBSERVATIONS AND RESULTS
We have more particularly observed a configuration corresponding to the interaction between a large £ plate and an austenite microtwin. On the high resolution micrograph of figure 1, one can clearly see, at an atomic can be seen. From the overall morphology, it is clear that the austenite that is around the laminates is not trapped inside the &-martensite but instead that the E phase has grown into the y-matrix. As already observed by Yang et al [3] , the plates of thermal E martensite exhibits a layered structure.
The E laminates appear to be blocked by the microtwin. The E I Y interface at a laminate tip, which generally lies perpendicular to its long axis, shows small periodic dark patches giving it a comb-like appearance. Due to the important thickness of the observed zone and to an amorphous organic contamination layer on the specimen surface, the images are very noisy . Thus, it has proved necessary to filter them numerically to reduce noise and enhance contrast. We used a mask which allowed the spatial frequencies corresponding to the diffracted spots (with the exception of the (0001)~ forbidden spots), as well as the streaks, to form the reconstructed image ( fig. 2c ). On the other hand, HREM image simulation was used to determine that, for this range of thickness, the atoms were likely to appear as white dots. This image treatment performed on the high resolution micrograph showed that the periodic dark patches were due to small intrinsic stacking faults emerging from the interface over a few interatomic distances ( fig. 2a and 2c). The periodicity of these stacking faults corresponds to 6 x (1 1l)y N (0002)~ atomic planes .
In order to analyse the dislocation content of the E I Y interface, one has to keep in mind that, for HREM imaging along [loll, only dislocations whose lines are parallel to this can be analysed. 3 such dislocations can transform an f.c.c. into an h.c.p. crystal: two 30" Shockley partials (with opposite screw components) and one 90" partial (with an edge component opposite to the 30"'s). The sum of all three Burgers vectors is zero. Along the [loll direction, only edge components can be detected, thus giving the impression of having only two types of Shockley partials: bgO and -b&. 30" partials cannot be discriminated and the "*"
sign is here as a reminder of the uncertainty on the sign of their screw components.
Supposing that the interface contained only Shockley partials, we have used the method described by Howe et al[8] to analyse the dislocation content of the interface. These authors have defined two circuits that discriminate between 30" and 90" partials. This method applied to a numerically processed image gives the result shown in fig. 3 . Circuit 1 leads to a dosure failure equivalent to 10 x 30' Shockley dislocations and circuit 2, to 5 x 90" ones. Thus, for a portion of interface 30 plane wide, we find that the proportion is: n(-b30') I n(bgo) = 2/1. A distribution of 3 0 ' partials of the same type would introduce an important twist component in the interface. For this reason, we think that both types of 30" partials are probably in equal number to cancel out the effects of their opposite screw components. The Shockley proportion is finally found to be n(-bso+) = n(-bsd) = n(bw). Thus, the global Burgers vector around this portion of interface is zero.
DISCUSSION
Mixed types of Shockley are found in the E 1 interface. Therefore, the laminate growth is not achieved by the multiplication of only one type of partial from poles such as suggested by Seeger 161. Moreover, for the thermal E-martensite studied here, since the dislocations are periodically distributed, we can exclude a random nucleation mechanism and a process of progressive stacking fault pile-up [71[2].
The periodic distribution of the dislocations implies a strong short range correlation of the Shockley partials that nucleate and glide every other plane. Thus, the elastic energy associated with the phase transformation is minimised and the deformation is globally zero at the finest scale. The austenite is likely to transform by propagation of thin E-laminates bounded by a few correlated Shockley partials. Since the glide on the { 11 1 }y planes is very fast, lateral growth is difficult and the martensite densification is achieved by the nucleation of new elementary laminates. This agrees with the scale of the observed layered substructure.
The laminate thickness has to stay limited to prevent the development of sessile Frank partials. These dislocations might form to accommodate the misfit between the E and Yphases but their movement by climb on { 11 1 }y planes would require diffusion. That we did not observe such defects is an important result regarding the shape memory properties of the alloy. [S] observed that, in large &-bands, the thickness of one elementary block, formed by several partials of the same type, could reach a few nm. In our case, we have seen that E-martensite was self-accommodated at the dislocation scale. Thus, one block corresponds to only two planes sheared by one Shockley partial. Since self-accommodation is sensitive to local stresses, depending on the distribution of these stresses, the nature and proportion of the transformation dislocations will vary. That we observed self-accommodation at the finest scale means that the residual stresses in our recrystallised alloy, before quenching, are extremely low.
CONCLUSION
The layered substructure of thermal E-martensite plates has been c o n f i e d at the atomic level by HREM. Even though we did not get informations about the nucleation mechanism of the E phase, we propose that the transformation occurs by the propagation of elementary E-laminates a few atomic planes thick. These laminates grow by the correlated glide of 3 types of Shockley partials, in equal proportion and periodically distributed in order to compensate the alternating shears. Thus, the deformations are self-accommodated at the finest scale. &-phase densification is then achieved by nucleation of new thin laminates rather than by thickening of those already formed. These results readily explain an easy reversion of the E phase.
